Introduction
Over the past decade, cerebellar transcranial direct current stimulation (tDCS) has been reported to enhance motor associative learning [1] and motor adaptation [2] [3] [4] [5] [6] [7] [8] [9] [10] (see [11] for a review of the technical details), holding promise for patients with movement disorders [12] . However, cerebellar tDCS effects are inconsistent across the literature, as recent studies failed to replicate initial behavioral benefits [13] [14] [15] . This could mean that the behavioral gains reported in earlier studies result from chance and/ or that determinants predicting successful tDCS are incompletely understood. Genetic differences between individuals might influence (1) the background performance level and therefore the potential to improve with tDCS [16] or (2) the susceptibility to tDCS. Therefore, to increase predictability of cerebellar tDCS effectiveness it is important to identify factors which modify treatment success [17] , like genetic variants.
The common [18, 19] BDNF Val66Met polymorphism, which decreases activitydependent BDNF release [20] , is a candidate determinant of cerebellar tDCS effectiveness, because (1) the polymorphism is associated with motor skill learning ability [21, 22] and (2) BDNF is thought to mediate tDCS effects on synaptic plasticity and motor skill learning [22] .
Since BDNF supports long-term potentiation [22, 23] and formation of inhibitory synapses [24] , Val66Met carriers have subtle behavioral alterations such as decreased memory [20] , slowed motor skill learning [21, 22] and more pronounced fear conditioning [25] . In addition, in mouse cortical brain slices, concurrent DCS and synaptic activation only leads to long-term potentiation when BDNF is not knocked out or blocked [22] , suggesting that Val66Met carriers may benefit less from tDCS. However, whether BDNF Val66Met interacts with cerebellar tDCS in cerebellum-dependent motor learning has not yet been investigated.
Eyeblink conditioning and vestibulo-ocular reflex (VOR) adaptation are particularly wellcharacterized cerebellum-dependent learning tasks for which positive effects of cerebellar tDCS have been found. Eyeblinks are protective eyelid closures against damage to the cornea. They can be activated in response to predictive neutral cues such as auditory tones. This learned motor association is made in a relatively simple circuitry involving the interposed nucleus and lobule VI of the cerebellum [26] [27] [28] [29] and extracerebellar areas in the hippocampus and amygdala [30] [31] [32] [33] [34] . Eyeblink conditioning is mediated by a sudden, carefully timed decrease in simple spike M A N U S C R I P T
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5 activity of cerebellar Purkinje cells that fire at a relatively high spontaneous firing frequency [28, 35, 36] . Zuchowski et al. found an increase in eyeblink conditioning with anodal tDCS and a decrease with cathodal tDCS [1] , which is in line with the concept that eyeblink Purkinje cells should operate at a sufficiently high simple spike firing frequency during spontaneous activity, because anodal tDCS is supposed to increase the baseline firing frequency of neurons [37] [38] [39] [40] .
The VOR generates eye movements opposite in direction, but with identical speed as head rotation to stabilize objects of interest on the retina. Changes in the environment or the body can make this relation inappropriate and result in retinal slip [41] . Retinal slip will recruit adaptive mechanisms in the cerebellar flocculus and downstream vestibular nuclei to increase (gainincrease adaptation) or decrease eye (gain-decrease adaptation) movement velocity and regain foveal stabilization [42] [43] [44] [45] [46] [47] [48] . VOR gain-decrease adaptation, which will be studied in this paper, is mediated by decreased velocity sensitivity of neurons in vestibular nuclei, at least partially induced by plasticity mechanism involving floccular Purkinje cells [44] [45] [46] [47] . Recently, anodal cerebellar DCS during VOR adaptation was found to enhance learning rate of a gain-decrease paradigm in mice [9] . Therefore, eyeblink conditioning and VOR adaptation are two cerebellumdependent, but fundamentally different tasks, which entail different cellular mechanisms, and which concern conceptually different paradigms in that conditioning implies learning new associations, whereas adaptation involves recalibrating and optimizing existing behavior.
The primary aim of this study was to investigate the interaction between BDNF Val66Met and cerebellar tDCS in eyeblink conditioning and VOR adaptation. To this end, we undertook two studies in genotyped subjects who received cerebellar tDCS and performed either an eyeblink conditioning task (N=117, between-subjects design) or a VOR adaptation task (N=51, within-subjects design). Based on motor skill learning studies [21, 22] , we expected faster learning for non-carriers in both tasks and therefore a more pronounced effect of cerebellar tDCS in carriers. Based on fear conditioning studies [25] , we expected faster learning for carriers in the eyeblink conditioning task, which depends on the amygdala as well as the cerebellum, but not in the VOR adaptation task and therefore a more pronounced effect of cerebellar tDCS in noncarriers. In addition, we performed control experiments to evaluate the role of BDNF Val66Met in saccade and visuomotor adaptation.
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Materials and methods
Subjects
Healthy right-handed, defined as having a Edinburgh handedness inventory score [49] larger than zero, individuals participated in the eyeblink conditioning (genetic analysis failed in 3/120 subjects leaving 117 for analysis) and VOR adaptation study (genetic analysis failed in 4/55 subjects leaving 51 for analysis) (see Table 1 ). 9/51 subjects dropped out before the second VOR session but the available data of the first session was included in the analysis. The experiments were approved by the Erasmus MC medical ethics committee and performed in accordance with the Declaration of Helsinki.
Cerebellar tDCS
Cerebellar tDCS was delivered through two saline-soaked 5x5cm sponge electrodes (DC stimulator, NeuroConn GmbH, Ilmenau, Germany) placed on the right side of the scalp, 3 cm lateral to the inion (target electrode) and on the ipsilateral buccinator muscle (reference electrode). This electrode configuration is the standard for cerebellar tDCS in motor learning tasks [2, 4, 10, 3, 5, 1] and is supported by electrophysiological [50] and modeling studies [51] . In the active conditions, we applied 2mA anodal or cathodal tDCS during 20 minutes for the eyeblink conditioning experiment (similar to: [14] ) and 2mA anodal tDCS during 15 minutes for the VOR adaptation experiment (most commonly used duration: [52] ). In the sham condition, 2mA anodal or cathodal tDCS was delivered for only 30 seconds, which is an effective method for blinding subjects [53] . In both the active and sham condition, current amplitude was increased and decreased in a ramp-like fashion over 30 seconds according to a well-established protocol [2] . Experimenters were blinded using a list of stimulation codes corresponding with sham or active stimulation. This list was semi-randomized, balancing the number of subjects in each condition.
Genetics
The BDNF Val66Met polymorphism (rs6265) was genotyped using TaqMan assays as described before [54] . Subjects with at least one Met allele were termed "carriers", others "non-carriers".
Eyeblink conditioning
Eyeblink conditioning was studied by presenting an auditory tone (conditioned stimulus) shortly before applying an air puff to the eye (unconditioned stimulus) [55, 56] , similar to Zuchowski et al. [1] . Over trials, subjects learn to predict the air puff from the tone and close the eyelid before the puff reaches the cornea. We chose a between-subject design for this task, even though a within-subject design could have removed between-subject variability, because the motor memory in eyeblink conditioning is retained for a long time [57] . Furthermore, we included anodal as well as cathodal tDCS because both have been found to modulate eyeblink conditioning [1] .
We used a SheBot system (Neurasmus, Rotterdam, The Netherlands, [58] ) controlled by a custom-built LabVIEW program (National Instruments Corporation, Austin, Texas, United States) to provide precisely timed (1) auditory tones via a headphone and (2) air-puffs via a nozzle placed 15 mm from the lateral corner of the eye. Eyelid closures were recorded with a small magnet on the upper eyelid and a sensor slightly below the eye [58] . During the experiment, subjects watched the movie "A Beautiful Mind" (Universal Pictures, 2005, Internet Movie DataBase #tt0268978) with audio but without subtitles.
The experiment consisted of unconditioned stimulus trials, conditioned stimulus trials and paired stimulus trials (see Figure 1A) . The experiment started with a baseline measurement (B) comprised of ten unconditioned stimulus trials and ten conditioned stimulus trials, followed by ten learning measurements (L1-L10) consisting of ten paired trials, one unconditioned stimulus trial and one conditioned stimulus trial ( Figure 1B Eyeblink data was automatically processed using a custom MATLAB program (The MathWorks Inc., Natick, Massachusetts, United States) (see Figure 1E ). First, trials were lowpass filtered with a zero-phase 6 th order Butterworth filter using a 100 Hz cut-off frequency. 
VOR adaptation
VOR adaptation was studied by directly coupling head rotation to visual display rotation, which requires suppression of the reflex to minimize retinal slip [59] [60] [61] , similar to an animal study performed by Das et al. [9] . In contrast to the eyeblink conditioning experiment, we chose a within-subject design as the motor memory is expected to last no more than three days [62] [63] [64] .
Both stimulation sessions were separated by at least 7 days to ensure wash-out of the cerebellar tDCS [65, 66] and VOR adaptation effects [62] [63] [64] of the first session. Furthermore, we did not include a cathodal condition to limit the number of experimental conditions for our subjects. Trial types included VOR, visually-enhanced vestibulo-ocular reflex (VVOR) trials and VOR adaptation trials (see Figure 1C ). The experiment started with two baseline VOR trials (measurements B1 and B2), separated by a single VVOR trial. Subsequently, subjects underwent a single VOR adaptation trial and two VOR trials (measurements L1 and L2) ( Figure 1D ).
Eye movement data was processed in MATLAB (The MathWorks Inc., Natick, Massachusetts, United States) (see Figure 1F ). Eye velocity gains were calculated per subject, eye and measurement (B1-2 and L1-2) according to the following procedure. First, saccades and eyeblinks were removed from the horizontal eye position using an internal Eyelink routine.
Subsequently, the horizontal eye position was smoothened and differentiated with a Savitzky- The learning parameter for this experiment was one minus the average amplitude of learning measurements L1 and L2 multiplied by 100 (0=no adaptation; 100=complete adaptation).
Saccade adaptation
Saccade adaptation was studied by relocating a target in an inward direction during a saccade to induce a post saccadic error [69] [70] [71] . Over trials, subjects learn to decrease the size of their saccades to compensate for these target jumps.
Subjects were seated in front of a monitor covered with a red filter (53 cm width,
1280x1024 pixel resolution) in a completely dark room. Steady head position was maintained using a chin rest at a fixed viewing distance of 82 cm. Eye movements were recorded binocularly at 250 Hz by means of video-oculography (EyeLink II, SR Research, Ontario, Canada).
Task design was similar to Avila et al. [6] , but with smaller amplitude saccades (10° rather than 20°) to reduce the occurrence of two-step saccades. The trial types were unperturbed and perturbed trials (see Figure 6A ). The experiment included baseline measurements of 50 unperturbed trials (measurements B1-50), followed by learning measurements of 150 perturbed trials (measurements L1-150) (see Figure 6B ).
Saccade amplitudes were calculated using an internal Eyelink routine. All amplitudes were divided by 10° to calculate normalized gains and corrected for an offset by subtracting the median amplitude of the baseline measurements. The learning parameter was defined as the quotient of 1 minus the median of L150-200, and the perturbation size 0.3.
Visuomotor adaptation
Reaching movement adaptation to visual mismatches was studied with visuomotor adaptation, wherein visual feedback of hand location is rotated with respect to actual reaching movement [72] [73] [74] . Subjects adjust their movement based on this visual mismatch by changing the angle of their reaches.
Subjects were seated in front of a vertical monitor (48 cm width, 1280x1024 pixel resolution, distanced 60 cm from the subjects) while holding a robotic handle in their right hand (custom-made, see [75] ) which recorded hand position and velocity. To remove direct visual feedback of hand position, subjects wore an apron that was attached to the table around their neck.
Task design was similar to Galea et al. [2] . The trial types were unperturbed trials and perturbed trials (see Figure 6C ). The experiment design included baseline measurements of unperturbed trials (measurements B1-192) and learning measurements of perturbed trials (measurements L1-200) (see Figure 6D) . Order of the visuomotor and saccade adaptation experiments was counterbalanced across subjects.
Visuomotor adaptation data was processed using MATLAB (The MathWorks Inc.,
Natick, Massachusetts, United States). From each trial, we extracted movement start, defined as the time point when movement velocity exceeded 0.03 m/s, and movement end, defined as the moment when displacement from origin was equal to or larger than 9.5 cm. Aiming direction was calculated as the signed (+ or -) angle in degrees between the vector connecting origin and target and the vector connecting the positions of the manipulandum at movement start and movement end. The clockwise direction was defined as positive. Aiming directions more than 30° away from the median of an epoch of 8 trials across all subjects, were removed from further analysis.
The learning parameter for this experiment was the negative average of L9 through L88
divided by the perturbation size of 30° (similar to Galea et al. [2] ).
Statistics
We used a two-step approach to data-analysis of the learning parameter.
First, we investigated whether the distribution of the learning parameter was best captured by either a single normal distribution (unimodal) or a mixture of two normal distributions (bimodal). The latter distribution could arise if one group of subjects is able to learn the task (learners) whereas the other group is not (non-learners). For this analysis, we used a Bayesian Gaussian mixture model fitting one or two normal distributions to the learning parameter (averaged across stimulation conditions for the VOR adaptation experiment), with a beta prior for the probability of being a learner or a non-learner. We set the lower limit on the prior probability of being a learner or non-learner to 0.15 and the upper limit to 0.85 to neglect clusters smaller than 15% of the total population. Quality of the two models was compared for each paradigm with the deviance information criterion (DIC) according to [76] , which rewards high likelihood and penalizes model complexity.
Second, in case the learning parameter was best captured by a unimodal distribution, the learning parameters of all subjects were studied with a 'single group' Bayesian linear regression model (independent variables described below). However, if the learning parameter was best captured by a bimodal distribution, we performed a 'learner / non-learner' regression analysis as the main analysis, and reported the 'single group' analysis for transparency purposes. For the M A N U S C R I P T
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'learner / non-learner' analysis, we labeled the subjects as "learners" and "non-learners" based on the group the subjects were assigned to most in the mixture model and calculated (1) a Bayesian logistic regression model for the probability of being a learner, and (2) a Bayesian linear regression model for the learning parameter of the "learners" only (independent variables described below). For eyeblink conditioning (between-subjects), the regression model contained the independent variables "carrier", "anodal Carrier ", "anodal Non-carrier ", "cathodal Carrier " and "cathodal Non-carrier ". For VOR adaptation (within-subjects), the regression model contained the independent variables "carrier", "anodal Carrier " and "anodal Non-carrier ".
The short-latency response fraction was analyzed by fitting beta distributions to the carriers and non-carriers and calculating the difference in group means. It was necessary to use beta distributions because short-latency response fraction was heavily skewed towards zero.
Analysis for the saccade and visuomotor adaptation studies was similar to the eyeblink conditioning and VOR adaptation experiments with "carrier" as the independent variable. 
Sample size calculation
We powered the eyeblink conditioning and VOR adaptation studies to find a positive effect of anodal cerebellar tDCS in the smaller non-carrier group (estimated as 30% of the population [18, 19] ). Based on [21, 22] , BDNF Val66Met carriers were predicted to learn 50% less than noncarriers. All power analyses included a drop-out rate of 10%. For eyeblink conditioning, tDCS M A N U S C R I P T within-subject standard deviation of 15%). We estimated a group size of 50 subjects would give >90% power and included 55 subjects. The saccade and visuomotor adaptation studies were powered to find a B Carrier =10% given a population standard deviation of 10% and included 75 subjects.
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Results
Eyeblink conditioning
We found that eyeblink conditioning was best captured with a bimodal distribution of the learning parameter (see Figure 2A and Table 2 ), which is line with a recent study [78] . The main statistical analysis was therefore based on the 'Learner / non-learner model' and the results are presented in Table 3 ('Learner / non-learner model') and Figures 3F-L. We found that whereas the learning parameter was similar for carriers and non-carriers (see Figure 3F -G and Table 3 ), the percentage of learners was higher for carriers than for non-carriers (see Figure 3H and Table   3 ). In the carrier group, neither anodal tDCS nor cathodal tDCS affected the learning parameter compared with sham (see Figures 3G and 3K and Table 3 ). Similarly, neither anodal tDCS nor cathodal tDCS affected the percentage of learners compared with sham (see Figure 3L ). In the non-carrier group, anodal tDCS increased the learning parameter (see Figures 3J-K and Table 3) compared with sham, but not the percentage of learners compared with sham (see Figure 3L and Table 3 ). Cathodal tDCS did not affect the learning parameter nor the percentage of learners (see Figures 3J-L and Table 3 ).
To give full data transparency, results of the 'single group' analysis are also presented in Table 3 ('Single group model') and Figures 3A-E. In line with the 'Learner / non-learner' analysis, we found (1) an increase in the learning parameter for carriers compared to non-carriers (see Figure 3A -B and Table 3 ), (2) no effect of cerebellar tDCS on the learning rate for carriers (see Figure 3C ,E and Table 3 ) and (3) an increase in the learning parameter with anodal stimulation for non-carriers (see Figure 3D -E and Table 3 ).
There was no significant difference in the short latency response fraction between non carriers and carriers (M Non-carrier -M Carrier = -1.2% 95%ETI =[-3.3 -0.6]%) (see Figure 4) .
VOR adaptation
The learning parameter for VOR adaptation was best described by a unimodal distribution (see Figure 2B and Table 2 ). We therefore performed the statistical analysis based on the 'single M A N U S C R I P T
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group' model only (see Figure 5 and Table 3 ).
The learning parameter was similar for carriers and non-carriers (see Figures 5A and 5C and Table 3 ). In carriers, no effect of anodal tDCS was found compared with sham (see Figures   5B and 5E and Table 3 ). Similarly, in non-carriers, no effect of anodal tDCS was found compared with sham (see Figures 5C and 5F and Table 3 ).
Saccade adaptation and visuomotor adaptation
To further investigate whether a role for BDNF Val66Met is absent in cerebellum-dependent motor adaptation, we performed additional saccade and visuomotor adaptation tasks. Genetic analysis failed in 3/75 individuals leaving 72 for analysis.
The learning parameters of saccade and visuomotor adaptation were best described by a unimodal distribution (see Figures 2C-D and Table 2 ) and therefore analyzed with the 'single group' model only. For saccade adaptation, no difference was found for the learning parameter between carriers and non-carriers (see Figures 6 E-F and Table 3 ). Similarly, for visuomotor adaptation, no difference was found for the learning parameter between carriers and non-carriers (see Figures 6 G-H and Table 3 ).
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Discussion
Role of BDNF Val66Met in cerebellum-dependent learning
The higher proportion of eyeblink conditioning learners in carriers compared to non-carriers could depend on modulation of cerebellar activity. Within the cerebellum, BDNF released from mossy fibers [24] may control the response of both granule cells and Purkinje cells to GABA [79] and thereby keep baseline simple spike firing frequency and the potential for conditioning within normal limits. Carriers of the BDNF Val66Met polymorphism on the other hand are expected to have an altered granule and Purkinje cell response to GABA, which may increase baseline simple spike firing frequency allowing for stronger disinhibition of cerebellar nuclei neurons and faster eyeblink conditioning [80] . Why then does the polymorphism not affect adaptation? Learning mechanisms for gain-decrease VOR adaptation, gain-decrease saccade adaptation and visuomotor adaptation are believed to depend more on synaptic plasticity in cerebellar and vestibular nuclei rather than the cerebellar cortex, and might be less directly related to baseline simple spike firing frequencies [44] [45] [46] [47] [48] 81, 82] .
Alternatively, BDNF Val66Met might also influence other brain regions that are involved in eyeblink conditioning, like the amgydala [30] [31] [32] [33] [34] and the hippocampus [30] . We did not find a difference in short latency responses between carriers and non-carriers, which makes a direct effect of the amygdala unlikely [31] . However, it has been suggested that the amygdala can enhance eyeblink conditioning indirectly, by modulating the saliency of the conditioned stimulus [34] . In contrast, the hippocampus is believed to inhibit eyeblink conditioning. [30] . Indeed, lower BDNF concentrations in the mouse hippocampus have been associated with faster eyeblink conditioning [83] . Furthermore, BDNF Val66Met carriers show stronger cued fear conditioning, with decreased activity in the hippocampus and increased activity in the amygdala [25] . This extracerebellar hypothesis is also compatible with the null effect of BDNF Val66Met in the adaptation tasks, which do not depend on the hippocampus or amygdala [41, 84] .
The relevance of BDNF Val66Met for eyeblink conditioning might extend to other cerebellum-dependent modalities of motor, emotional and cognitive associative learning [85] and pathologies of cerebellum-dependent associative learning such as schizophrenia [86, 87] .
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Mechanisms of cerebellar tDCS
The interaction between cerebellar tDCS and BDNF Val66Met in eyeblink conditioning might point to a common effect on simple spike firing frequency. Anodal tDCS only increases eyeblink conditioning in non-carriers, who learn more slowly and have higher activity-dependent BDNF release. However, it seems unlikely that the effect of anodal tDCS in the cerebellum is mediated by BDNF release, as has been suggested for the motor cortex [22] , because this would decrease rather than increase the eyeblink conditioning response. Rather, we expect anodal tDCS to directly modulate the baseline simple spike firing frequency of cerebellar neurons through subthreshold depolarization [36, 37, 39, 40, 88, 89] . Carriers might be less sensitive to subthreshold depolarization, because baseline firing frequency is already increased (1) as a direct result of diminished BDNF release or (2) as a result of stronger excitation by the amygdala. In contrast, no effect of cerebellar tDCS on VOR adaptation was found for either carriers or non-carriers, which might be related to a minor role for simple spike firing in VOR adaptation compared to eyeblink conditioning [46, 48] . Alternatively, the cerebellar flocculus, which is involved in VOR adaptation is located deeper in the cerebellum than Lobule VI, which is involved in eyeblink conditioning, and the local electric field strength [51] might therefore be insufficient for cerebellar tDCS to have an effect. Modeling-based approaches are necessary to further explore this open question [12] .
The complex interaction between (1) cerebellar tDCS, (2) anatomical substrates and neurophysiological mechanisms of motor learning, and (3) genetic factors requires detailed animal studies combining electrophysiological and behavioral experiments to further develop cerebellar tDCS as a neuromodulatory technique.
Variable results of cerebellar tDCS
The interaction between BDNF Val66Met and anodal tDCS might explain some of the inconsistency in cerebellar tDCS literature. The null result for anodal tDCS found by Beyer et al. A. Overall learning curves for carriers (n=47) and non-carriers (n=70).
B.
Overall whisker plots of the learning parameter for carriers (n=47) and non-carriers (n=70). 
